This work presents a computational protocol, based on a variance analysis integrated with the bootstrap method, to investigate surface damage resulting from localization of plastic deformation in slip bands of a Ni-base superalloy. For assessment of fatigue crack initiation, surface roughness is introduced to quantify the degree of slip irreversibility. The contribution of this study is to provide a most relevant roughness parameter that can extract the salient features of slip bands within damaged grains, and thus enabling the discrimination of damaged and undamaged grains for description of fatigue-induced surface damage. Results suggest that the maximum peak height (Sp) is the most relevant parameter. And a very pronounced variability of Sp values is observed for damaged grains.
INTRODUCTION


Fatigue damage of materials that exhibit flow localization is often related to a surface phenomenon [1] . Under fatigue loading, slip bands emerge in the form of extrusions and/or intrusions on the material surface as a consequence of the localization of plastic deformation induced by irreversible motion of dislocations [1 -6] . For face-centered cubic alloys, intragranular crack initiation is favored at the site of surface roughness developing a critical notch-peak geometry, i.e. the interface between slip band and matrix [7, 8] . The latter, serving as the preferential site for fatigue crack initiation, is a plane of discontinuity across which there are abrupt gradients in the density and distribution of dislocations [2] .
As crack initiation mechanism is dominated by the localization of plastic strain in slip bands, many studies have focused on the examination of the topographical features of fatigue-induced slip bands. According to a review [9] , two types of cyclic strain localizations, namely persistent slip bands (PSBs) and shear bands (SBs), can be distinguished at a lower plastic value of maximum strain (εmax). Though they are different in structure and crystal orientation [10] , they are very often incorrectly used interchangeably.
Recently, the precise nature of these bands has carefully been elucidated to clear up the confusion [4] . Unlike PSBs, SBs are generally formed by ribbon-like structure extrusions with a wavy character [4, 11] . SBs are found to have higher values of the variance associated with the mean height emergence of deformation bands, corresponding to a larger fluctuation of the extrusion height along each band [2, 4 -6] . The reversibility of strain is also naturally higher in SBs than PSBs as a result of the formation of lower mean extrusion height [4] .
Surface roughness, representing the arisen surface marking from material surface, has been studied as an indirect measure of the local irreversibility [4 -6, 13] . And the parameter called arithmetical mean deviation of the roughness profile (Ra), which is defined as the averaged absolute deviation of the roughness irregularities from the mean line over one sampling length, is commonly used for characterization of the height emergence of slip bands. In these works, the growth of slip bands is found to be saturated at a specific height up to the end of the fatigue life. As Ra contains only filtered information on potentially critical surface grooves and/or asperities [14] , it may perhaps be inappropriate to assess the complexity of the slip band structure with respect to surface damage initiation. Therefore, effort is made in the present work to address the issue questioning the pertinence of an appropriate roughness parameter that should be used for description of surface crack initiation morphology.
Thus, identification of a most relevant roughness parameter that can extract the salient features of slip bands associated with crack initiation is the main concern of the present work, with the ultimate aim to understand from a topographical point of view, why certain grains are damaged while others are not. To tackle this issue, a computational protocol is established considering the amplitude surface roughness parameters of ISO 25178-2012 [15] . The proposed methodology is applied to the surfaces of a Nibase superalloy (Waspaloy) treated with chemical-etching and electro-polishing.
MATERIAL AND METHODS
Material
The target material is a Ni-base superalloy (Waspaloy) strengthened by spherical precipitates (γ', Ni3Al) with the following chemical compositions (in wt.%): 1.80 Al; 3.33 Ti; 12.64 Co; 19.45 Cr; 7.31 Mo; balance Ni. The average grain size is 100 μm and the average precipitate size is 17 nm. In the present study, precipitate sizes less than 50 nm are assessed in order to remain in the dislocationparticle shearing deformation mode (under-aged state).
Experimental procedure
The specimens are mechanically polished up to 4000 grit SiC paper (~ 5 m), then chemically treated; one is etched in a mixture composed of 2/3 hydrochloric acid and 1/3 nitric acid for a duration of 1.30 min, denoted as WC, while the other one is electro-polished in a mixture constituted of 80 ml perchloric acid, 700 ml ethanol, 100 ml 2-butoxy ethanol, 120 ml distilled water under the following condition:  1.30 min, -10 °C and 35 volts direct current, designated as WE.
Interrupted low-cycle fatigue tests are conducted on hourglass cylindrical specimens with a gauge length of 15 mm and a gauge diameter of 6 mm under a controlled plastic strain amplitude (Δεp/2) of 0.3 % with a fully reversed triangular wave form at a frequency of 0.05 Hz until the nucleation of first cracks. The surface states are characterized by scanning electron microscope (SEM) and atomic force microscope (AFM), using respectively a (FEG) Zeiss Sigma SEM and a Veeco Dimension 3100 AFM (see Ref. [4] for details). For the detection of extrusion and quantitative analysis of extrusion growth, the region free of initial flaws of 10 μm × 10 μm is measured per grain. For each specimen, 16 regions of different grains, including 8 damaged grains and 8 undamaged grains, are investigated, and for each grain, more than 20 slip bands are assessed. In addition to the surface analysis, the bulk of the material is examined using JEOL JEM2011 transmission electron microscope (TEM) operating at 200 kV. Thin foils of 3 mm in diameter and 100 m in thickness are prepared for TEM investigations.
The measured surface topographies are characterized only by seven amplitude surface roughness parameters which are frequently used to measure the vertical characteristics of the surface deviations [14] . As the morphology of the extrusion formation are favorably attributed to the glide of mobile dislocations throughout the band, i.e. the well-defined and narrow slip bands emerge in the form of only extrusions in the z-direction on the material surface under low-cycle fatigue loading, these seven amplitude surface roughness parameters are thus considered as the most important and appropriate parameters to characterize the surface topographies investigated in the present study. These surface roughness parameters listed in Table 1 are computed in agreement to ISO 25178-2012 [15] . The assessment of a most relevant parameter for characterizing the salient features of slip bands within damaged grains is based on the coupling of an analysis of variance (ANOVA) [16] with bootstrap method [17] .
Bootstrapping is implemented, due to a limited amount of available experimental data set assumed to be from an independent and identically distributed population, to affirm the relevance of obtained results by providing a confidence interval that allows integrating the variability of roughness data into ANOVA. This method, relying on the resampling with replacement technique, consists in generating a high number M (=1000) of simulated bootstrap sets of samples of size K (=16 per specimen) from the experimental data set of the same size K. For each roughness parameter, the bootstrap set of M values is used to construct an empirical probability density function (PDF), which is then used in ANOVA. In ANOVA, the F-statistic is calculated for each roughness parameter considering damaged and undamaged grains. This statistical index is computed as the ratio of the between-groups variance in the data over the pooled (average) within-group variance. The F-statistic average is then used to rank the roughness parameters with regard to their ability to discriminate between damaged and undamaged grains, and thus the first-ranked parameter is the most relevant parameter for description of topographical features associated with crack initiation. 
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where ̅ is the height of the mean plane, L1 and L2 are the extent of the sample and f(x,y) is the surface height at the location (x,y). The metallurgical states of WC and WE, which are the specimens investigated in this study, are presented in Table 2 . The surface states of both preparations are discussed using arithmetic mean deviation (Sa) computed prior to fatigue tests with respect to the number of cycles required for crack initiation (Ni). It is worth noting that Sa, the three-dimensional counterpart of the two-dimensional descriptor Ra, is commonly used to describe an overall measure of the texture comprising the surfaces [4 -6, 13] . The electro-polished surface (with Sa ≈ 0.72 nm) is found to be smoother compared to the chemically-etched one (with Sa ≈ 13.3 nm), which offers a slightly greater fatigue crack initiation life of ~ 100 cycles (Fig. 1 ). This finding shows that surface preparation method affects surface state, which in turn can influence fatigue crack initiation life (Ni). Indeed, cracks nucleate preferably at the sites of initial surface roughness which have developed a critical notch-peak geometry acting as potential stress raiser that can accelerate crack initiation process [18] . (Fig. 2 a) and WE (Fig. 2 b) at the crack initiation phase (when N = Ni). In these SEM micrographs, slip bands, grain boundaries and intragranular cracks are observed. Regardless of surface states, cracks are nucleated principally along slip bands as a result of the localization of plastic deformation induced by irreversible motion of dislocations [5 -7] . Besides, these cracks are prone to initiate along the bands with slips that are particularly intense [7, 18] . Indeed, bands that are narrow and well-defined have a very large stress concentrator effect, giving rise to both internal and external crack initiation [7] . The secondary slip systems, which are present in limited quantities, are also activated especially near grain boundaries and triple junctions. As the investigated region of 10 μm × 10 μm is situated within the grain of only one slip system being activated [19] , the effect of matrix-grain and matrix-precipitate with grain boundary can thus be assumed to be insignificant. Though the role of grain boundary in crack initiation has long been known [1, 20] , it is worth noting that they do not participate in the mechanism of fatigue crack initiation in the present work. Moreover, the deformation structures observed in the bulk by TEM is found to be well correlated with the ones observed on the specimen surface by AFM, suggesting that there is not any significant depth-dependent self-affine behavior due to surface proximity.
RESULTS AND DISCUSSION
Surface state vs. crack initiation life
To assess the complexity of slip band structures in order to reveal the characteristic features of slip bands, two roughness parameters are investigated -Ssk and Sku. The former qualifies the symmetry of the height distribution while the latter characterizes the flatness of the height distribution. For all investigated specimens, Ssk and Sku are found to be larger than 0 and 3, respectively. Positive Grain boundary a skewness describes surfaces with lots of high peaks while Sku larger than 3 implies a high degree of peakedness of the surface height distribution. By combining both parameters, spiky surfaces with high peaks are obtained (Fig. 3) . This finding is found to be well correlated with the morphology of the extrusion associated with the shear band structure, indicating the presence of ribbon-like structure extrusions with a wavy character and with their height variation that can go up to 250 % [5, 6, 11, 12] . Besides, the extrusions on chemically etched (Fig. 3 a) are found to be wavier than that on electro-polished (Fig. 3 b) , i.e. their height fluctuate slightly more along the intersections slip bands with the grain polishing lines at the specimen surface, and thus reflecting the original roughness of chemically-etched surface that is created prior to fatiguing. 
Cyclic deformation behavior
The cyclic hardening/softening curves of the investigated specimens are shown in Fig. 4 , illustrating the evolution of alternating stress (σa) as a function of number of cycle (N). Three principal cyclic evolution stages are identified: cyclic hardening, peak and cyclic softening. The increase in flow stress is called cyclic hardening, corresponding to the accumulation of dislocations within intense deformation bands throughout the grains [21] . With continued cyclic straining, the cyclic flow stress attains the maximal value at the peak of the curve and decreases thereafter, implying a reduced resistance to deformation. The reduction in cyclic stress amplitude is denoted as cyclic softening and its occurrence is principally resulted from the shearing process of precipitates by dislocations and the partial relaxation of long-range internal stresses [7] .
In Fig. 4 , it is observed that cyclic softening begins as early as ~ 30 cycles for both WC and WE. This finding implies that the presence of easily shearable precipitates, referring to precipitates that are especially fine (d = 17 nm), closely spaced (Id ≈ 30 nm) and coherent with the matrix, favors the softening phenomenon as a result of the plastic deformation mechanism that causes fatigue crack initiation. Besides, the flow stress amplitude of WC is exhibited to be slightly higher than that of WE. The difference of systematic 30 MPa shift of maximum stress level of WC is noted to be associated to the metallurgical states such as precipitate size and grain size but certainly not on the surface treatment method [1, 22] . Indeed, the grain size of WC is approximated to be ~ 130 m and the one of WE is estimated to be ~ 140 m. Though, these grain sizes can be considered to be the same. This is because the difference in strength (Δσ) between the largest and the smallest mean grain sizes calculated using the Hall-Petch law is equal to 3.9 MPa, which can be considered as negligible from the metallurgical point of view; for the sake of simplicity, the mean grain size of 100 µm is considered for the two specimens investigated in the present study. Consequently, the state of the surface has only negligible effect on the fatigue strength in the present study. and chemically-etched (WC) specimens. 
Kinetics of slip band formation
the results obtained for ferritic X10CrAl24 stainless steel [6] . Besides, the small difference in ΔSa (or ΔSp) found for both surface states WC and WE shows that ΔSa (or ΔSp) does not depend on the surface preparation method, and thus more supporting hypothesis that surface state hase only insignificant effect. Though the roughness height increases continually with N, the rate at which the surface is roughened is found to decrease gradually especially when N > 100. This is because under continued cycling, the production of a low vacancy concentration and of a large variety of defect types (e.g. cluster of point defects, prismatic loops, dipoles, multipoles and especially paired dislocations presented in Fig. 6 ) in slip bands becomes pronounced, making the movement of mobile dislocations that transport the plastic deformation more difficult and as a consequence, reduces the slip reversibility, and thus the process that produces the extrusions is self-limiting in terms of the rate [4] . It is worth noting that the degree of the plastic strain reversibility depends on a large variety of microscopic features such as the density of mobile dislocations, the level of defects density and the condensation of the vacancies that are produced in the bands. 
Relevant roughness parameter
The most relevant roughness parameter for description of fatigue-induced surface damage is searched using the ANOVA method. The roughness parameters that are classified according to their F-statistic average value are illustrated in Fig. 7 a; the term classification order refers to the ranking of the parameter in terms of the F-statistic average value, demonstrating the pertinence of the parameter for description of surface fatigue damage and for discrimination of damaged and undamaged grains for both surface states (WC and WE). The first-ranked parameter is the maximum peak height (Sp), accordingly it is identified as a most relevant roughness parameter that can extract the salient features of slip bands associated with crack initiation. Fig. 7 b shows the distributions of Sp for both damaged and undamaged grains. It is worth noting that the distributions are quite distinct from each other, confirming the ability of Sp to extract the inherent features of slip bands within damaged grains, and thus enabling the discrimination of damaged and undamaged grains. Besides, it is observed that 0.11 μm is a threshold limit value, beyond which all the grains are damaged. This finding implies that cracks are initiated when Sp attains an extreme limit value, i.e. when a critical value of the local irreversible plastic strain accumulated in the slip bands is reached, the dislocation structures in the bands are unable to accommodate any further plastic deformation, and thus promoting the initiation of cracks along slip bands that are particularly intense [1, 4] . When Sp > 0.11 μm, it is shown that there is a sufficient mutual overlapping between adjacent distributions of damaged grains for both surface states WC and WE, indicating that the height between the highest peak and the mean plane of damaged grains is rather similar regardless of surface state. In addition, the distributions of damaged grains are exhibited to be quite broad, suggesting that the estimated PDFs of Sp possess a significant variability. And this variability is dependent on the local microstructure (e.g. precipitate size and grain orientation) of examined grain and the environment (e.g. oxygen interstitials) [1, 21 -23] . It is worth noting that the local microstructure and the environment, known to influence fatigue crack initiation, play a non-negligible role on the irreversible motion and the free glide of mobile dislocations during cyclic loading. With regards to the relevance of roughness parameters used for describing investigated surface topographies, the sixth position of the ranking is held by the parameter Sa. Fig. 7 c shows that all the distributions overlap each other severely, suggesting the inability of this parameter to differentiate damaged and undamaged grains, and thus more supporting hypothesis that the widely-used parameter Sa is inappropriate to assess the complexity of slip band structure with respect to surface damage initiation.
CONCLUSIONS
The topographical features of slip bands in polycrystals Waspaloy has been conscientiously analyzed using seven amplitude surface roughness parameters, the pertinent with respect to fatigue crack initiation has been identified using a method of statistical analysis established in the present work. The proposed roughness parameter called the maximum peak height (Sp) can serve as a good indicator to the extent of surface damage resulting from the localized plastic deformation in slip bands.
